Differences in ocular irritancy have been hypothesized to reflect differences in the extent of initial injury. Although differences in the processes leading to tissue damage may exist, extent of injury is believed to be the principal factor determining final outcome of ocular irritation. Previous studies characterizing the pathology of surfactant-induced ocular irritation support this premise. The purpose of this study was to begin to determine the applicability of this premise in terms of nonsurfactants; we planned to accomplish this by assessing the ocular irritancy of different concentrations of an acid and an alkali. Ten microliters of 3 or 10% acetic acid (C 2 H 4 O 2 ) or 2 or 8% sodium hydroxide (NaOH) were directly applied to the cornea of the right eye of each test rabbit. Untreated left eyes served as the controls. Eyes and eyelids were macroscopically examined for signs of irritation beginning 3 hours after dosing and periodically until recovery or day 35. Eyes and eyelids from animals in each group were collected for microscopic examination after 3 hours and on days 1, 3, and 35. The macroscopic and microscopic changes were consistent with slight (3% C 2 H 4 O 2 ), mild (2% NaOH, 10% C 2 H 4 O 2 ), and severe (8% NaOH) irritancy. The spectra of changes were similar to those previously reported for surfactants of differing types and irritancies. As with surfactants, as the extent of initial injury increased, the intensity and duration of the subsequent responses increased. These results indicate that our hypothesis also applies to nonsurfactants. The results also support our belief that the initial extent of injury associated with ocular irritation may be used to predict the subsequent responses and final outcome. Finally, our results further indicate that such an approach may be applicable to the development of alternative assays that are based on either injury to ex vivo eyes or injury to an in vitro corneal equivalent system.
Microscopic Changes with Acetic Acid and Sodium Hydroxide in the Rabbit Low-Volume Eye Test INTRODUCTION Attempts to validate alternatives to replace the use of animals in ocular irritation testing, usually by correlating in vitro results to scores from in vivo tests (15, 21) , have been unsuccessful (1, 2, 18, 24) . This failure may reflect inadequacies of the in vitro tests, an inappropriate in vivo standard, or both (11, 15) .
We have previously emphasized that the scores from the in vivo tests are subjective and are based on descriptive changes that are derived from macroscopic examinations (12, 15, 17, 18) . We have advocated that a better understanding of the critical cellular and molecular changes occurring in in vivo tests is needed in order to develop and validate alternative tests to replace the use of animals in ocular irritation testing (11, 15, (17) (18) (19) . Separate groups of ophthalmologists and ophthalmologic scientists working with the International Life Sciences Institute's Technical Committee on Alternatives to Animal Testing and the European Cosmetics, Toiletries and Perfume Association have also recently indicated that a better mechanistic understanding is needed in order to achieve this goal (3, 16, 24) .
We have proposed that differences in irritancy are related to differences in the extent of initial injury, and regardless of the processes leading to tissue damage, extent of injury is the principal factor determining the final outcome of ocular irritation (11, 14, 15, (17) (18) (19) (20) (21) .
Results from studies of a broad sampling of surfactants support this premise. In rats and rabbits, using light microscopy (12, 18, 19) and in vivo confocal microscopy ( 11, 14, 15, 17, 21 ) , we have identified differences in the initial extent of surfactant-induced ocular injury. Collectively, our studies of surfactants indicate that slight irritants affect only the superficial corneal epithelium, mild and moderate irritants affect the epithelium and superficial stroma, and severe irritants affect the epithelium, deep stroma, and at times, the endothelium (11, 12, 14, 15, (17) (18) (19) 21) . We have provided data that indicates that the extent of surfactantinduced injury correlates with cell death (11, 21) and with subsequent responses and eventual outcome in rats (18) and rabbits (14) .
The present study and that reported in a companion paper (13) represent our initial efforts to determine the applicability of this premise with regard to nonsurfactants by characterization of a range of ocular irritation (slight to severe) occurring with different concentrations of an acid and an alkali. We used the low-volume eye test (LVET) because it is less stressful to the rabbits and is more predictive of human ocular irritancy potential than is the standard Draize procedure (4, (6) (7) (8) 17) . The results further support our contention that by defining the extent of initial injury associated with an ocular irritant, it may be possible to predict the subsequent responses and final outcome. We believe this approach can be applied to the development of mechanistically based alternative assays using either ex vivo eyes or in vitro corneal equivalents and that the data presented here can be used to validate such tests (14, 18, 21) . 
METHODS
The methods were generally similar to those previously described (11, 12, 14, 15, (17) (18) (19) (20) (21) .
Animals and Animal Husbandry. A total of 48 adult male New Zealand albino rabbits (Covance Research Products Inc, Denver, PA) that weighed 2.0 to 2.2 kg apiece upon receipt were used. The rabbits were individually housed in suspended stainless-steel cages in an environment-controlled room with a 12-hour light/dark cycle. Purina Certified Rabbit Chow and water purified by reverse osmosis were provided to each rabbit ad libitum.
All rabbits were acclimated to the laboratory environment for a minimum of 6 days prior to initiation of the study. Housing and care were based on those requirements published in the Guide for the Care and Use of Laboratory Animals (23) . Test Materials. Three-percent acetic acid (C2H402), 2% sodium hydroxide (NaOH), 10% C2H402, and 8% NaOH were selected based on historical LVET data that indicated that these chemicals were slight, slight-mild, mild, and severe irritants, respectively. All concentrations were weight/volume. Experimental Procedures. Cohorts of 3 rabbits per group were treated with each of the test materials, and eyes were necropsied either at 3 hours, 1 day, 3 days, or 35 days posttreatment. Time points were chosen to characterize initial injury, subsequent early responses, and outcome at 35 days, and time points were consistent with those used in previous studies (11, 12, 14, 15, (17) (18) (19) 21) . Both eyes of each rabbit provisionally selected for use were examined macroscopically with the aid of a penlight at least 1 hour prior to treatment. Ten microliters of an irritant was directly placed on the cornea of the right eye. Treatments were performed using a 100-RI Teflon-tipped Hamilton syringe (Hamilton Co, Reno, NV). Following instillation, the eyelids were released immediately without forced blinking or manipulation. The untreated left eye of each rabbit served as a control. Eyes were macroscopically examined for irritation using a penlight at 3 hours posttreatment and on days 1 through 4, 7, 14, 21, 28, and 35 posttreatment. Irritation was scored according to a weighted scale for grading the severity of ocular lesions (5) . The cornea was scored for degree and total area of opacity and was evaluated for presence of erosion, neovascularization, and scar formation. The iris was scored for increased prominence of folds, swelling, congestion, hemorrhage, and decreased pupillary reflex. The conjunctiva was scored for magnitude of redness, swelling, and discharge. The maximum total score possible was 110 (cornea = 80, iris = 10, conjunctiva = 20). All treatments and macroscopic examinations were performed by the same individual (R.D.R). Mean severity scores were derived by adding the severity scores for all rabbits in each group and dividing by the number of rab-FIGURE 2.-Representative microscopic changes associated with corneas at 1 day (b) and 35 days (c) posttreatment with 8% NaOH vs control (a). At 1 day, note extensive injury extending from the surface through the stroma to the endothelium, with thickening (edema) of the cornea, inflammatory cell infiltrate, and protein in the anterior chamber. At 35 days, note keratocyte regeneration and inflammation. H&E. X 100 (original magnification). bits in that group. Mean total score and mean score for the cornea, iris, and conjunctiva were determined, as were the maximum average score (MAS) and median days to recovery. The MAS represents the highest score for a group during the course of the study, beginning at day 1. At the time points indicated above, rabbits were euthanatized by intravenous injection of sodium pentobarbital followed by exsanguination. Eyes and upper, lower, and third (nictitating membrane) eyelids were collected from all rabbits. Eyes were placed in Davidson's fixative and after 24 hours were transferred to 10% neutral-buff-, ered formalin (NBF). The eyelids were collected and placed in 10% NBE Eyes and eyelids were trimmed, routinely processed, embedded in paraffin wax, sectioned at 5 )Jbm, and stained with hematoxylin and eosin. Eyes were sectioned to allow microscopic examination at the level of the peripheral cornea, mid-peripheral cornea, and central cornea. Two sections of each third eyelid and 3 sections of each of the upper and lower eyelids were also examined. All microscopic examinations were performed by the same individual (J.K.M.). Microscopic changes were assigned severity grades of 0 to 5; this scale represents unremarkable, slight, mild, moderate, marked, and severe grades, respectively. To reflect variation in changes of similar nature over time, epithelial erosion and attenuation were grouped as one change (erosion/attenuation), and areas of complete epithelial necrosis and denudation were grouped as one change (denudation). Incidence of the microscopic changes was determined and the mean severity derived in the same manner as that used for the macroscopic scores.
RESULTS

Macroscopic Observations
At 3 hours posttreatment, mean total scores were highest for 8% NaOH, intermediate for 2% NaOH and 10% C2H402, and lowest for 3% C2H402 (Figure 1 and Table  1 ). At 1 day posttreatment, mean total scores were increased for 8% NaOH and 10% C2H,02 and decreased for 2% NaOH and 3% C2HI02 compared to the respective scores at 3 hours posttreatment. Conjunctival changes were observed with each irritant, whereas corneal and iridal changes were associated with each irritant except 3% C2H,02 (Table 1 ). For rabbits observed to day 35, neovascularization occurred in 1 of 3 rabbits treated with 10% C2H,02 and in all 3 rabbits treated with 8% NaOH (Table 1 ). Neovascularization was not noted with 2% NaOH or 3% C2H,O,. Mean scores for each irritant decreased after day 1 (Figure 1 ), with median days to recovery being 4, 7, 21, and >35 days for 3% C2H402, 2% NaOH, 10% C2H402, and 8% NaOH, respectively (Table   1 ). With 8% NaOH, there was corneal involvement in 2 of 3 rabbits and conjunctival involvement in all 3 rabbits at day 35.
Based on the MASs and median days to recovery, the relative rank ordering of these irritants was as follows: 3% CZH40z < 2% NaOH < 10% C2H4O2 < 8% NaOH. at times there were differences in the incidence and extent of injury observed among sections from the same animal. At 3 hours or 1 day, erosion of the epithelium occurred with 3% C2H402' and erosion and denudation occurred with 10% C2H402, 2% NaOH, and 8% NaOH ( ment, minimal erosion/attenuation, minimal denudation, and slight regeneration were observed in an individual rabbit treated with 8% NaOH. In the stroma, keratocyte loss/necrosis was observed with 2% NaOH, 10% C2HI02, and 8% NaOH but not with 3% C2H4O2 (Table 2 ). Keratocyte regeneration was observed at 3 days and 35 days with 10% C2H4O2 and 8% NaOH (Figure 2 ). Endothelial cell changes occurred only with 8% NaOH (Table 2 and Figure 2 ). Endothelial cell loss/necrosis was observed at 3 hours and 1 day, and regeneration was observed at 3 days. Edema was observed with 10% C2H,O, at 3 days and with 8% NaOH at each time point (Table 2) . Inflammation, principally neutrophils, occurred with each irritant beginning at 3 hours and subsequently included mononuclear cells. Neovascularization associated with the anterior stroma was observed at 3 and 35 days with 10% C2H4O2 and 8% NaOH.
Microscopic Observations
Based on the overall incidence and severity of the microscopic changes at each time point and over time, the relative rank ordering of these irritants, with regard to extent of corneal involvement, was as follows: 3% C2H4O2 < 2% NaOH < 10% C2H4O2 < 8% NaOH.
Conjunctiva: Upper and Lower Eyelids. All irritants affected the conjunctival epithelium (Table 3) . At 3 hours posttreatment, erosion and denudation of the epithelium occurred with each irritant. Epithelial regeneration was observed with each irritant beginning at 1 day posttreatment. At 35 days posttreatment, except for slight regeneration in one animal dosed with 10% CH401-, these changes were only evident with 8% NaOH. Necrosis associated with the submucosal accessory lacrimal glands and Meibomian glands was observed with 2 and 8% NaOH beginning at 3 hours (Figure 3 ). This change was also observed at 1 and 3 days with 8% NaOH, with inflammation observed at 3 days and loss/attenuation of these glands and fibrosis observed at 35 days.
Edema associated with the substantia propria occurred in all rabbits treated with each irritant beginning at 3 hours but was observed at 35 days with only 8% NaOH (Table 3) . Inflammation, principally neutrophilic, was associated with the epithelium and substantia propria with each irritant beginning at 3 hours. The inflammatory infiltrate also included mononuclear cells beginning at 3 days. At 35 days, inflammation was observed only with 8% NaOH.
Conjunctiva: Third Eyelid. All irritants affected the third eyelid (ie, nictitating membrane) ( Table 4 ). The changes observed were similar to those observed for the upper and lower eyelids. With 8% NaOH, necrosis also involved the cartilage (Table 4 and Figure 4 ).
Based on the overall incidence.and severity of the microscopic changes at each time point and over time, the relative rank ordering of these irritants, with regard to extent of conjunctival involvement, was as follows: 3% C2H402 < 10% C2H402 :S 2% NaOH < 8% NaOH.
Other. Inflammation associated with the iris/ciliary body occurred with 10% C2H40, at 3 days and with 8% NaOH at 3 hours, 1 day, and 3 days ( Table 5 ). Inflammation and protein accumulation in the anterior chamber occurred only in rabbits treated with 8% NaOH. Except for adhesion of the iris and cornea in one rabbit, there were no changes observed at 35 days. DISCUSSION We have proposed that differences in ocular irritancy are related to differences in the extent of initial injury and that regardless of the processes leading to tissue dam- age, extent of initial injury is the primary factor determining the extent of subsequent responses and the final outcome of ocular irritation (11, 14, 15, (17) (18) (19) (20) (21) . This premise is supported by results from our previous studies (11, 14, 15, (17) (18) (19) (20) (21) , which characterize the changes occurring with a broad sampling of surfactants that differ in type (ie, anionic, cationic, nonionic) and irritancy (ie, slight to severe). Despite differences in the mechanisms by which surfactants may cause injury (10, 17) , the extent of initial injury was demonstrated to reflect level of irritation, extent of subsequent responses, and final outcome (11, 14, 15, (17) (18) (19) (20) (21) .
The results of the present study and of the companion study (13) provide initial support that our premise also applies to nonsurfactants. Differences in initial injury induced by different concentrations of an acid and an alkali reflected differences in levels of irritancy, magnitude of the subsequent responses, and final outcomes. These associations existed in spite of the known differences in the manner in which acids and alkalis cause tissue injury. The high pH produced in the tissue water by an alkali saponifies the fatty components of the cell membrane, leading to cell disruption (22, 25) . Differences in penetrability and, thus, variations in severity of injury with different alkalis reflect differences in their cations, which at higher pHs react with the carboxyl groups of stromal collagen and glycoaminoglycans (22, 25) . Tissue damage by an acid is caused by coagulation and precipitation of proteins (22, 25) . Because tissue proteins have a buffering effect on the action of the acid, most acid bums are limited and localized (9, 22) . However, if acid penetration extends into the stroma, alterations similar to those seen in alkali injury may occur (25) .
Previous studies of surfactants (11, 12, 14, 15, (17) (18) (19) (20) have collectively shown that injury with slight irritants is restricted to the conjunctival and corneal epithelium; injury with mild and moderate irritants involves the corneal and conjunctival epithelium and the superficial corneal stroma; and injury with severe irritants involves the epithelium, corneal stroma, and, at times, the corneal endothelium. In the present study, the changes with 3% CZH40~, 2% NaOH, and 8% NaOH are consistent with slight, mild and severe irritancy, respectively. These results concur with those in a separately reported followup study, in which the corneal changes were quantitated using in vivo confocal microscopy and live/dead assay (13) .
Eyes treated with 10% C,H402 still had some microscopic changes at 35 days. Although microscopic changes at 35 days have not generally been observed with the other mild irritants studied, the weight of evidence suggests that 10% C2H4O2 caused mild irritation. First, the eyes were macroscopically normal at 35 days. Second, limitation of the initial microscopic changes to the corneal epithelium and superficial stroma was consistent with those attributes associated with mild irritancy. Third, in a separate study (13) , corneal changes, as quantitated using in vivo confocal microscopy, were also consistent in terming 10% C2H402 a mild irritant. Finally, the changes observed at 35 days are not believed to be permanent, and such changes were previously noted in a rabbit treated with a known mildly irritating surfactant (17) . X 100 (original magnification).
One difference between the corneal changes observed with NaOH in this study and those previously reported with surfactants (17) was area of involvement. NaOH caused focally extensive injury, whereas the initial injury with surfactants was generally diffuse (17) . For example, the mean severity of keratocyte loss/necrosis observed at 3 hours with cetyltrimethylammonium chlo-ride (CTMAC), a severely irritating surfactant, was 3.7, and endothelial cell changes were observed in 2 of 3 animals (17) . However, the mean severity of keratocyte loss/necrosis with 8% NaOH was 1.3, even though the injury extended to the endothelium in sections from individual animals. Normalized depth of stromal injury (NDI), as measured by in vivo confocal microscopy, re- vealed similar differences between NaOH and CTMAC (13) . In the different corneal regions assessed, NDI ranged from 0 to 67.1 % with 8% NaOH, with over 50% of the regions showing no stroma injury (13) , whereas with CTMAC, all regions had stromal injury, and the NDI ranged from 49 to 100% (13) .
A second difference between the results associated with NaOH and those previously reported with surfactants (17) pertained to conjunctival injury. The extent of conjunctival injury occurring with 8% NaOH was more severe than that occurring with CTMAC, even though, as noted above, the overall extent of corneal injury with 8% NaOH was not as great. Specifically, conjunctival injury with 8% NaOH was observed to involve the submucosal glands, with loss/attenuation of glands and fibrosis at 35 days. Such changes were not reported with the CTMAC, a severely irritating surfactant (17) .
Although the specific reason for these differences is not known, some explanation may lie in the general mechanisms by which alkalis and cationic surfactants cause injury. As noted above, alkalis saponify the fatty components of the cell membrane, leading to cell disruption (22, 25) , whereas cationic surfactants generally precipitate cellular proteins (10, 17) . Once the integrity of the epithelium is disrupted, the alkali readily penetrates into the stroma (22, 25) , where binding of the alkali cations to mucoproteins and collagen steeply increases as the pH is raised above 11.5 (10) . For cationic surfactants, injury does not seem to depend on strong binding with ionic groups but rather on distortion and derangement of proteins (10) . Also to be considered is a likely prolonged effect with alkalis vs a more &dquo;self-limiting&dquo; effect with cationic surfactants. The former reflects slow dissociation of alkali from protein (10) , whereas the latter provides a likely barrier effect as a result of precipitation of proteins, which also occurs with acids (10, 25) . The pH of 8% NaOH was 13.3 and that of CTMAC was 7.9.
Previously we suggested that although routine ocular irritation testing involves macroscopic assessment of the cornea, conjunctiva, and iris, it may be that corneal changes alone could be used to predict potential ocular irritation (15) . Historically, changes in the cornea have been of more concern in assessing potential ocular irritation, as evidenced by the fact that in the standard Draize scoring system, the maximum corneal score is 73% (80 out of 110) of the overall maximum irritancy score (15) . The results from this study by themselves tend to support this contention, as the corneal changes reflected the relative irritancy of each concentration of acid and alkali.
Looking across studies, the potential need for a conjunctival test is indicated by the tendency for 8% NaOH to be more injurious to the conjunctiva relative to the cornea, whereas CTMAC, a severely irritating surfactant, tended to be more injurious to the cornea than to the conjunctiva (17) . This indicates that replacing the use of animals in ocular irritation testing may require not only ex vivo or in vitro tests to characterize corneal injury but might also require ex vivo or in vivo tests to characterize potential conjunctival injury by which to better predict the overall potential for ocular irritation. However, it may be that by better understanding factors such as pH (fac-tors that account for disparities between corneal and conjunctival injury), we will be able to predict differences in responses without the need for separate tests.
In the present study we extend our previous observations to provide a detailed pathological characterization of ocular irritation that occurs over time with different concentrations of an acid and an alkali. As with surfactants, we demonstrate that as the extent of injury increases, the intensity and duration of the subsequent responses increase. This further supports our belief that by defining the initial extent of injury associated with ocular irritation, it may be possible to predict the subsequent responses and final outcome. Such an approach may be applicable to the development of alternative assays that will be based either on injury to ex vivo eyes or injury to an in vitro corneal equivalent system, and the data presented here may be used to validate such tests (14, 18, 21) .
